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ABSTRACT
The Role of Dynorphin in the Onset of Puberty in Female Lambs
Justin Angelo Lopez
The neural mechanisms underlying the onset of puberty are not well understood.
In sheep, this process involves an increase in GnRH release due to decreased sensitivity to
estrogen feedback. Because GnRH neurons do not express the relevant estrogen receptors,
this pathway must contain interneurons. Neurons in the arcuate nucleus (ARC) of the
hypothalamus that co-express kisspeptin (Kiss), neurokinin B (NKB), and dynorphin
(DYN), i.e. KNDy neurons, play a critical role. Based on previous data, the overall
hypothesis is that the prepubertal hold in GnRH/LH release results from reduced Kiss
stimulation and heightened DYN inhibition in response to estrogen negative feedback.
Two experiments were performed to address this idea. The first experiment tested the
hypothesis that Kiss expression would be increased and DYN expression decreased in
response to ovariectomy (OVX). Prepubertal ewe lambs were randomly assigned to three
groups: OVX (n=5), OVX and treated with estrogen (OVX+E) (n=5), or left ovary-intact
(n=4). As hypothesized, numbers of Kiss-immunoreactive cells in the ARC were increased
by OVX (207.5 ± 5.6 cells/section) compared to either ovary-intact (110.6 ± 2.7
cells/section) or OVX+E (48.4 ± 2.4 cells/section) groups and were significantly higher in
ovary-intact compared to OVX+E females. Contrary to the hypothesis, very few DYNimmunopositive cells were found in the ARC of any treatment group, even though they
were readily evident in control hypothalamic tissue concurrently assessed from adult ewes
collected during the luteal phase (29.8 ± 3.9 cells/section). Although data regarding DYN
were not consistent with the hypothesis, a role for DYN cannot be ruled out as the lack of
staining could be reflective of high release rates of the peptide. Thus, a second study was
performed to test the hypothesis that blockade of the κ-opioid receptor (κ- OR) (DYN’s
cognate receptor) would increase LH secretion in steroid-treated females of a prepubertal,
but not postpubertal, age. Thus the effects of norbinaltorphimine (nor-BNI), a κ-OR
antagonist, on LH secretion were compared between OVX+E prepubertal ewes (n=6) and
OVX+E postpubertal ewes. Prepubertal OVX+E lambs were infused ICV (60 ul/h) with
artificial cerebral spinal fluid (aCSF), as a control, or nor-BNI (60 nmol/h) for 3h. As
hypothesized, administration of nor-BNI increased LH pulse frequency (3.5 ± 0.6 pulses/3
h) and mean LH (6.3 ± 0.9 ng/mL) compared to aCSF (frequency: 1.7 ± 0.5 pulses/3 h;
mean: 3.2 ± 0.7 ng/mL). Nor-BNI or aCSF was infused for 4h in these same OVX+E ewes
at a postpubertal age. There were no significant differences in LH pulse frequency, mean
LH, or LH pulse amplitude between treatments. These data demonstrate that inhibition by
DYN is at least partly responsible for the prepubertal suppression of GnRH/LH secretion
by estrogen. Based on these data, it is suggested that increased stimulation by Kiss and
reduced inhibition by DYN play important roles in the escape from estrogen negative
feedback that underlies the transition to puberty in the female lamb.
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INTRODUCTION
Puberty is a complex series of events that is largely driven by the activation of the
hypothalamic-pituitary-gonadal axis. Increase in pulsatile release of gonadotropinreleasing hormone (GnRH) is a prerequisite for the initiation of pubertal development and
sustainment of normal reproductive function throughout adulthood. The neural
mechanisms underlying the rhythmic discharge of GnRH that results in the acquisition of
sexual maturation still remains to be fully investigated. In a prepubertal state, the
hypothalamus is highly sensitive to the inhibitory effects of estrogen, thus the secretion of
GnRH is suppressed. Interestingly, GnRH neurons are devoid of estrogen receptor alpha
(ER-α), the receptor whereby estrogen exerts negative effects, indicating the involvement
of intermediary neurons. Recent evidence suggests that neurons in the ARC that co-express
Kiss, NKB, and DYN, i.e. KNDy neurons, play a critical role in activating sufficient
hypothalamic release of GnRH, resulting in the onset of puberty.
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CHAPTER I: REVIEW OF LITERATURE

I. Endocrinology of Puberty
Puberty is the process whereby an individual becomes capable of reproduction. In
most mammalian species, this process is governed by a decrease in hypothalamic
sensitivity to estrogen negative feedback as the individual transitions from the prepubertal
period to adulthood (1–3). In the animal model used for studies in this thesis, ovis aries,
the hypothalamus is highly sensitive to low levels of estradiol during the prepubertal period
resulting in inhibition of gonadotropin-releasing hormone (GnRH) secretion from the
hypothalamus and thus suppression of luteinizing hormone (LH) secretion from the
adenohypophysis (4). As immature female lambs grow and photoperiod requirements
become permissive for reproduction, hypothalamic sensitivity to estrogen decreases,
resulting in an increase in the frequency of pulsatile GnRH secretion and corresponding
increases in LH pulse frequency. This increase in GnRH/LH pulse frequency leads to
increased ovarian follicular development and steroid production, eventually leading to a
level of estrogen production that is sufficient to induce a surge of GnRH/LH secretion and
first ovulation and, ultimately, sexual maturity (2).
Sheep as an Animal Model
The mechanisms underlying the initiation of the onset of puberty and subsequent
sexual maturation in sheep often are compared to other well-studied animals, such as
rodents and non-human primates. Although the models of “neuroendocrine puberty” are
conceptually similar among these species, i.e. all require an increase in GnRH/LH pulse
frequency, the underlying internal and external factors that influence the timing of that
2

increase are complex and variable. First, lambs are relatively well-developed at birth and
experience considerable development within the first weeks to months of age (5) in contrast
to rats and primates, which are considered altricial species, relatively underdeveloped at
birth. Because of these species differences, many developmental processes that happen
postnatally in rats and primates occur prenatally in sheep. The pubertal progression that
characterizes lambs allows in-depth study of various aspects of sexual maturation that are
not as easily accomplished in other species. For example, given that the onset of puberty
typically occurs at 6-7 months of age in lambs, there is a large window of time to study the
progression of reproductive development in these animals. Another advantage, particularly
when compared with rodents, rests in the size of the growing lamb. Thus, multiple series
of intensive blood collection can be taken, which allow for definitive assessment of
pulsatile GnRH/LH release. Moreover, the size and structure of neuroanatomical regions
allows for precise placement of pharmacological treatments within the cerebroventricular
system or the hypothalamus and for animals to serve as their own controls in designing
experiments.
The Energy Demand of Reproduction
In most living organisms, sufficient somatic growth and energy availability are
major determinants of timing of the onset of puberty and sexual maturation (5). These
internal cues are critical, as it has been suggested that energy demands for thermoregulation
and growth must be fulfilled before reproductive function can proceed in both males and
females (6). As with other species, lambs at birth and throughout early postnatal
development have a high ratio of surface area to body volume, leading to rapid heat loss
and, consequently, increased metabolic demand to maintain core body temperature (6,7).
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As such, newborn lambs are entirely dependent upon outside sources of nutrition, such as
maternal lactation. The distribution of energetic intake largely favors thermoregulation and
cellular maintenance, with the remaining energy allocated to muscular function and
growth; understandably, reproductive function remains a low priority (7). As animals
develop, the requirement for some metabolic functions decreases, and, as a result, body fat
increases, while the ratio of surface area to volume decreases. The nutritional resources
once used by these processes are now available for other physiological activities, such as
reproductive function.
Although the importance of growth and sufficient energy availability to puberty
onset has been well-established, there is a relative paucity of data regarding the sensors or
pathways within the brain through which these important factors influence the timing of
puberty. Studies by Kennedy et al., dating back to the early 1950’s, manipulated growth
rate in immature rats by chronic underfeeding to determine the effects on the onset of
puberty. In these studies they found that energy availability plays a significant role in the
timing of pubertal development, as evidenced by significant delays in the onset of puberty
as a result of underfeeding. Additionally, they speculated that food intake signals may
regulate the timing of sexual maturation and that the hypothalamus must be detecting these
changes in somatic growth (5). These studies were succeeded by experiments
administering high versus low-fat diets by Frisch et al. in the 1970’s. In her studies she
reported that immature rats fed a high-fat diet (fat substituted isocalorically for
carbohydrates), experienced both vaginal opening and first estrus significantly earlier
compared to animals in the low-fat diet group. She hypothesized that critical body
composition for fatness must be met prior to the acquisition of puberty in immature rats
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(8), similar to what is reported in humans (9). Dietary restriction studies have now become
a common method used to study the potential neural mechanisms that link nutrition and
sexual maturation. How these pathways affect GnRH secretion is still not well understood;
this is particularly true in sheep. Prepubertal female lambs maintained on a low calorie diet
between 10 to 45 weeks of age failed to produce high-frequency LH pulses and initiate
ovulation around the time of normally fed animals (30 weeks), and subsequent access to
ad libitum feeding resulted in a relatively rapid increase in growth and expression of
reproductive cycles shortly thereafter (10). Additionally, acute administration of high
levels of estradiol induced LH surges in undernourished, ovariectomized lambs, yet chronic
administration of estradiol resulted in a reduction in the magnitude of LH surges (10).
Moreover, Foster et al., 1989, reported that prolonged restriction of daily caloric intake in
lambs decreased LH pulse frequency and delayed puberty onset (11). These findings
support the notion that undernourishment prevents high-frequency GnRH/LH pulses, and
thus ovulation and reproductive cyclicity, in prepubertal female lambs. The sensors and
neural mechanisms within the brain that integrate metabolic information are still an
enigma; potential mechanisms involved in transducing metabolic information into signals
that can influence GnRH release are discussed below.
Leptin
One candidate to link energy availability and reproduction is the adipokine protein,
leptin. Leptin is a hormone synthesized and secreted from adipocytes that acts in the ARC
to suppress appetite and increase energy expenditure, ultimately resulting in a loss of body
weight (12). Leptin is also known to increase sympathetic outflow to brown adipose tissue
(BAT), suggesting a role in the thermogenic actions of this tissue (13). Leptin rose to
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prominence when it was discovered to be absent in a mouse model of obesity and infertility,
the ob/ob mouse; peripheral administration of leptin to these mice reduced body weight
and restored fertility (12). This is consistent with subsequent work showing that null or low
levels of leptin in rats and humans are associated with significant delays in, or the absence
of, puberty (14). In adult sheep, the rise and fall of leptin generally coincides with times of
increased energy intake and reduced nutrient intake, respectively (15). Moreover, in
rodents and non-human primates (12,15,16), peripheral leptin levels increase during
postnatal development. In these species, increases in LH occur earlier than vaginal opening
in rats and menarche in primates, and, because of this, a lot of work has examined the
temporal relationship between leptin and LH secretion during pubertal development. Suter
et al., observed nocturnal increases in plasma leptin and growth hormone (GH)-induced
insulin-like growth factor-1 (IGF-1) secretion that occurred just prior to nocturnal increases
in plasma LH during the late prepubertal phase in agonadal primates; implicating leptin as
a possible signal, in combination with other signals, for the initiation of puberty (16). This
work, however, attracted some controversy, as some investigators suggested the method of
arbitrarily assigning the “onset of puberty at day 0,” when initial increases in LH were
noted, and stating that data collected before the day 0 time point was in a prepubertal period
and data collected after day 0 time point was in a peri-/postpubertal period might have been
an inappropriate method to employ (17). They further argued that assigning such
parameters to the age of puberty might not be accurate in defining the hypothalamic events
leading to increased GnRH release necessary for puberty onset, as this information is
unknown in primates (18). An additional study in rodents demonstrated that puberty onset,
as defined by earlier occurrences of vaginal opening, estrus, and the onset of consistent
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estrous cycles, was advanced in immature female mice chronically treated with leptin
injections (19). This group concluded that leptin essentially “informs” the hypothalamus
that the body is now able to support sexual maturation (19). In a different study (20), leptin
was administered to immature female rats, and the rate of sexual maturation was compared
to two control groups. Leptin-treated rats, along with one control group, were fed ad
libitum. A second control group was pair-fed to the leptin-treated group. As expected, food
intake was significantly decreased in the leptin-treated group compared to the ad libitumfed control group, leading to stunted growth in the leptin-treated and pair-fed animals. The
occurrence of pubertal indices (age at vaginal opening, age of first estrus, ovarian weight,
uterine weight) was significantly delayed in pair-fed animals, while there was no difference
between leptin-treated and ad libitum-fed control rats. When leptin-treated and pair-fed rats
were fed at 70% of ad libitum-fed controls, however, leptin treatment only partially
advanced the occurrences of pubertal measurements compared to pair-fed controls,
suggesting that leptin must not be a primary signal in initiation of puberty onset.
Furthermore, intracerebroventricular (ICV) administration of leptin to food-restricted
sheep (21) or rats (22) increases plasma LH, overcoming the effects of restricted nutrition.
The consistent finding that both leptin and pulsatile GnRH/LH secretion are reduced with
energy restriction and that leptin replacement during periods of food restriction restores
estrous cycle expression or LH secretion strongly supports leptin as a potential regulator
of reproduction. Nonetheless, although leptin is clearly required for puberty onset and/ or
estrous cyclicity, the current generally held view is that leptin is a permissive signal, rather
than a trigger, for puberty onset.
Insulin-like Growth Factor-1
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In addition to leptin, other factors likely also serve to link metabolic status with
reproduction. IGF-1 is a hormone that has been associated with the regulation of puberty
onset. The IGF-1 protein has a similar molecular structure to that of insulin and is known
to play a significant role in growth and development. Circulating IGF-1 is largely
dependent upon production by the liver and its synthesis is stimulated by GH, although
local production of IGF-1 in many tissues is likely of high biological importance.
Exogenous administration of IGF-1 was found to stimulate acute increases in pulsatile LH
secretion in adult sheep (23). Moreover, various groups have demonstrated increases in
IGF-1 during prepubertal development in rats, monkeys, and sheep (24–27). In immature
female rodents, IGF-1 was found to stimulate GnRH release from the median eminence
(ME) (28). Quantification of IGF-1 mRNA in the liver revealed increases in the content of
IGF-1a and IGF-1b splice variants during the early proestrus phase of puberty; this change
was accompanied by a rise in serum IGF-1 and gonadotropin levels, and IGF-1 receptor
(IGF-1r) mRNA expression in the ME. Moreover, ICV administration of exogenous IGF1 stimulated LH secretion in both pre- and peripubertal female rats and advanced the
occurrence of pubertal indices in prepubertal female rats (27). Studies performed by Suttie
et al., 1991, revealed that treatment of prepubertal female lambs with exogenous GH
increased plasma levels of IGF-1 and advanced the age at which animals produced high
frequency LH pulses. However, it was also shown that GH declines just prior to puberty
and that administration of GH to those lambs had no effect on the timing of puberty
compared to vehicle-treated control animals (29). Although, these results indicate that GH
may not necessarily provide direct cues for normal onset of puberty and sexual maturation
in female lambs, the exact role of IGF-1 in the pubertal development of immature ewe-

8

lambs remains to be fully elucidated. Additionally, it has been found IGF-1 receptors are
widely distributed throughout the hypothalamus and pituitary in many species, suggesting
that IGF-1 effects on puberty and reproduction are central rather than peripheral in this
regard (30). This notion is supported by evidence of increased expression of IGF-1r mRNA
in the ME during late prepubertal development, which is also thought to amplify GnRH
release during the initiation of puberty in females (27).
Insulin and Glucose
Like IGF-1, insulin may be another factor that could potentially influence
GnRH/LH secretion. In adult male monkeys, insulin secretion has been correlated with LH
secretion. For example, 1 day of fasting resulted in suppression of circulating insulin and
LH levels, and after re-feeding, these levels were quickly restored. However, insulin
suppression by diazoxide, a potassium channel activator that inhibits pancreatic insulin
secretion, had no effect on LH pulse frequency or amplitude (31). Moreover, acute, ICV
injections of insulin had no effect on LH secretion in prepubertal female lambs (32),
suggesting that insulin alone may not be an important metabolic signal that influences
GnRH release. Glucose also has been implicated as an important signal, and experiments
performed in rodents have implicated both the hypothalamus and hindbrain in sensing
circulating glucose levels (33). ICV administration of 2-deoxy-D-glucose (2-DG), an antimetabolic analog of glucose, to female rodents significantly reduced the incidence of
estrous cycles compared to animals that received an injection of glucose (34). Similarly,
infusion of 2-DG into the fourth or lateral ventricle suppressed pulsatile secretion of LH in
female sheep (35). In neither of these examples did peripheral administration of 2-DG, at
an effective dose centrally, affect LH secretion, suggesting that central, but not systemic,
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glucose-sensing mechanisms can sufficiently detect insufficient metabolic fuels and
suppress reproductive cyclicity if necessary. Moreover, destruction of catecholamine
neurons (those producing norepinephrine and epinephrine) in the area postrema of the
brainstem prevented the inhibition of estrous cycles by 2-DG in rats (36), but had no effect
on normal estrous cycle expression, suggesting an adaptive response by the hindbrain to
regulate “unnecessary” reproductive functioning and promote survival.
Photoperiodic Control of Reproduction
In addition to the energetic requirements for puberty onset, seasonality also is a
prominent component that factors into the timing of puberty and reproduction in many
animal species. Seasonally-breeding animals are influenced by photoperiod or other
season-specific factors, such as nutrient availability, and successfully mate during one
period of the year. These animal species are usually categorized as either long-day or shortday breeders. Long-day breeders, such as hamsters and horses, exhibit estrous cyclicity
during the lengthening days of spring and summer and exhibit anestrus during the fall and
winter months. Alternatively, short-day breeders, such as sheep and goats, exhibit estrous
cyclicity during the shortening days of fall and winter but exhibit anestrus during the spring
and summer months. The transition from the nonbreeding season to breeding season in
adult ewes shares many characteristics that are similar to the onset of puberty in immature
lambs. Seasonal anestrus is characterized by a reduction in pulsatile GnRH secretion,
similar to that observed for prepubertal females (14). Furthermore, in order for breeding to
begin, pulsatile GnRH secretion must reach adequate frequencies to sustain active
stimulation of gonadotropes from the anterior pituitary and follicular development at the
ovary. The sustained increase in GnRH pulse frequency and subsequent stimulation of
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gonadotropes will occur only when both internal cues, such as positive energy balance, and
external cues, such as season, are sufficient for initiation and maintenance of a pregnancy.
In the case of adult ewes, breeding during autumn is advantageous for both mothers and
offspring. Because the gestational period in ewes is approximately 5 months, lambs are
born during mid- to late-spring. This provides mother and offspring the opportunity for
maximum nutritional benefits; the mother meets the energy demand of lactation, providing
nourishment to her young throughout most of spring, and the offspring meets the energy
demand of growth, preparing it for puberty and sexual receptivity in the following fall.
As mentioned above, sheep use photoperiod to time seasonal reproduction. Experiments
performed as far back as the 1940’s (37) revealed that modifying natural day-length with
artificial photoperiod can reverse the timing of seasonal breeding and subsequent
reproductive cycling. Moreover, photoperiodic control of reproduction is known to be
mediated by melatonin, a hormone synthesized and secreted from the pineal gland. For
instance, studies manipulating the plasma concentration of this hormone have
demonstrated a similar effect to modifying natural day-length with artificial photoperiod
on the timing of seasonal breeding (38). Incoming light stimulates retinal neurons that
project to the suprachiasmatic nucleus (SCN) of the hypothalamus. This signal is then sent
to the superior cervical ganglion (SCG), where it is converted into inhibition of neural
activity. This results in lower release of norepinephrine at the pineal gland and, thus,
melatonin secretion is decreased (39,40). Thus, melatonin serves a critical time keeping
function that is transduced into information that impacts GnRH release and seasonal
breeding. The neural pathways that serve as a conduit for melatonin input to GnRH
neurons are not completely known but may include hypothalamic neurons containing Kiss,
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NKB, and DYN (or KNDy neurons) (41), as will be discussed later. In order for immature
or mature females to advance into the breeding season, they must experience lengthening
days before shortening days (38). This phenomenon has been extensively documented and
reviewed throughout the past half-century. Of particular interest is the case of delayed
puberty in ewe lambs born out of season: born in autumn rather than spring. A series of
studies performed in the laboratory of Dr. Douglas Foster at the University of Michigan
were aimed at elucidating the particular role of photoperiod in delayed onset of puberty in
fall-born female lambs. He reported that spring-born lambs born under natural photoperiod,
with no manipulation of light exposure, attained puberty at approximately 30 weeks of age
during the following autumn. Conversely, fall-born lambs born under natural photoperiod
did not reach puberty at 30 weeks of age, although they exhibited sufficient somatic
development; rather, they attained puberty the autumn of the following year, at
approximately 50 weeks of age. Moreover, by imposition of an artificial photoperiod
mimicking a reversed annual photoperiod, fall-born lambs attained puberty the following
spring at 30 weeks of age (39), suggesting that the inability of fall-born lambs to reach
puberty at a normal age is primarily due to inappropriate photoperiod conditions at that
time. Together, these data suggest that, at least in the more seasonal breeds of sheep,
photoperiodic signals play a significant role in determining the timing of the onset of
puberty.
Determining the Onset of Puberty: Male and Female
The onset of puberty has many definitions in both female and male sheep. Several
criteria are used to determine the onset of puberty, which also facilitates classification of
puberty as precocious or delayed if necessary. In females, the age at first estrus, the age at
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first ovulation, and the age at which a female can support pregnancy are all used as a means
of determining the onset of puberty. Increased behavioral signs of sexual receptivity, which
is relatively easy to determine, mark the age of first estrus. Detecting puberty onset by this
method, however, may not accurately determine the true acquisition of puberty, as first
estrus usually occurs after first ovulation because progesterone priming is needed for
estrous behavior in ewes. Thus, a female lamb may have already experienced two or so
“silent ovulations,” resulting in estrous cycles with shortened or normal luteal phases,
before displaying any outward signs of sexual receptivity. Nonetheless, because first
ovulation is often difficult to determine and first estrus normally occurs within a few weeks
of first ovulation, there is little practical relevance in distinguishing between the two in
order to establish the timing of puberty. Another method that can help define puberty onset,
which seems most applicable from a production standpoint, is determining whether an
animal is old enough to support a pregnancy without self-detriment. Regardless of the
method, puberty onset during the appropriate season in female lambs of Suffolk breed
occurs at approximately 6 to 7 months of age. Like females, puberty in males occurs around
5 to 7 months of age and can be defined by several criteria; however, this classification is
a bit more complex. Similar to signs of first estrus in females, males will display outward
reproductive behavioral traits, such as mounting and erection. These signs, however, may
occur long before the ability of rams to ejaculate and produce spermatozoa. The production
of sperm takes approximately 50 – 70 days, depending on species, and detection of
threshold amounts of spermatozoa in the ejaculate provides a true classification of puberty
because it defines a specific time when the male has the ability to reliably fertilize an ovum
(42). However, properly determining the presence of spermatozoa in ejaculate and then
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validating that the ejaculate contains a threshold concentration of mature sperm can be an
arduous task. Given the difficulties associated with sperm collection and evaluation,
alternative means of determining the onset of puberty were sought, which also facilitate a
more appropriate comparison in timing of puberty between the sexes. An applicable
measurement of reproductive maturation similarly timed between female and male sheep
is that of neuroendocrine development; more specifically, when the brain begins to produce
high frequency GnRH/LH secretion. This comparison will be investigated further in this
review.

II. Neural mechanisms involved in the onset of puberty of the prepubertal ewe lamb
Patterns of GnRH Secretion: Tonic versus Surge
To understand the regulation of neural mechanisms involved in timing the onset of
puberty, it is imperative that the reader is able to distinguish between the tonic and surge
centers of the hypothalamus. These areas control pulsatile (i.e. tonic) or surge-like GnRH
output via negative or positive estrogen feedback acting at different anatomical sites; a
surge center(s) that acts to produce a preovulatory surge of GnRH/LH sufficient to induce
ovulation, and a tonic center that acts to control the pulsatile secretion of GnRH/LH pulses.
Regulation of tonic GnRH/LH secretion by estradiol negative feedback has been identified
as occurring in the more caudal aspects of the hypothalamus in sheep (41), rats (43), and
primates (44). Conversely, control of surge-like GnRH secretion by estradiol positive
feedback has been identified as occurring in the mediobasal hypothalamus (MBH) in sheep
and the AVPV in rats. Coincidentally, these distinct anatomical regions (ARC/MBH and
AVPV/POA) contain Kiss neurons that co-express estrogen-receptor-α (ER-α) (45–48),
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the receptor that mediates the effects of estrogen on GnRH output, signifying that the
effects of estradiol are likely exerted directly on Kiss neurons in both areas. The population
of Kiss neurons in the POA of sheep does not co-localize with NKB or DYN, whereas
virtually all Kiss cells in the ARC contain NKB and DYN in this species (49). In the POA,
approximately 90% of GnRH neurons contain Kiss receptor (kiss1r) and approximately
50% of Kiss neurons contain ER-α (50). Moreover, approximately 50–70% of GnRH
neurons receive synaptic close contacts from KNDy neurons located in the ARC (50). The
influence of estrogen feedback differs greatly between these two ostensibly unique
populations of Kiss neurons. In adult female sheep and rats, exogenous administration of
estrogen increases Kiss expression in the POA/AVPV and decreases Kiss expression in the
ARC, while removal of estrogen feedback by ovariectomy decreases Kiss expression in the
POA/AVPV and increases Kiss expression in the ARC (51). These data have led to the
notion that Kiss neurons in the POA/AVPV interact with estrogen in a positive feedback
manner to induce the preovulatory GnRH/LH surge, while Kiss (KNDy) neurons in the
ARC interact with estrogen in a negative feedback manner (51).
Surge Secretion of GnRH
In the rat, the GnRH/LH surge is controlled in the AVPV (52,53). In this region,
high estrogen exerts stimulatory effects on ER-α-containing Kiss cells afferent to GnRH
neurons in the ME (54); Kiss stimulation of kiss1r-containing GnRH neurons in the ME
results in a subsequent preovulatory GnRH/LH surge. In rats, ER-α-containing cells in the
AVPV receive inputs from neurons in the suprachiasmatic nucleus (SCN) representing a
direct input for circadian influences on GnRH cells. This allows timing of the surge
mechanism in the rat to the afternoon (2pm – 4pm) of proestrus and resultant ovulation
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approximately 12 hours later. In sheep, recent evidence has suggested that the Kiss cell
population in the ARC may work in conjunction with the POA population of Kiss neurons
to elicit a preovulatory GnRH/LH surge (55,56). One theory suggests that in the MBH,
high levels of estrogen induce the surge via the ARC by acting directly to stimulate Kisscontaining KNDy neurons, which can then stimulate GnRH release via activation of GnRH
cells or input to GnRH fibers in the ME (57) by way of axoaxonic regulation.
Tonic Secretion of GnRH
Theoretically, during pulse onset in sheep, increases in NKB stimulate KNDy
neurons in an autocrine and/or paracrine manner to secrete Kiss, which acts directly to
stimulate GnRH neurons, resulting in a subsequent rise in GnRH/LH (49). Although
evidence for KNDy neuron involvement in pulse termination is not as clear as for pulse
onset in ewes, many studies suggest that DYN release inhibits KNDy neuron activity to
terminate GnRH pulses (41). An inhibitory role for DYN is suggested by the fact that this
neuropeptide is an important mediator of progesterone negative feedback (58) and that
DYN neurons co-localize with progesterone receptors to a high degree in adult ewes
(58,59). The control of tonic GnRH/LH secretion by estrogen negative feedback in the
ARC of rats is comparable to sheep and monkeys (60). In rodents, Kiss cells in the ARC
directly stimulate GnRH neurons in the MBH by binding kiss1r (61), leading to the onset
of a GnRH pulse and subsequent LH pulse. During pulse termination, recent evidence
supports a role for DYN in mediating the negative feedback effects of estrogen (62).
Moreover, progesterone-negative feedback via DYN has been implicated in pulse
termination (63) suggesting that estrogen is not necessarily needed for the termination of
GnRH/LH pulses during the luteal phase (59).
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Reproductive-endocrine Axis as a Limiting Factor to Puberty Onset
Although a large amount of research has been directed at understanding how the
brain regulates puberty onset, the neural mechanisms involved in the timing of puberty are
still not clearly understood. As previously discussed, in order to transition from a
prepubertal to a pubertal state there must be an increase in the frequency of GnRH/LH
pulses to a point where follicular production of estradiol can be maintained at a high enough
level to elicit the preovulatory GnRH/LH surge and ovulation. Thus, insufficient function
of any part of the reproductive endocrine axis could represent a limiting factor to puberty
onset. Removal of estrogen negative feedback in prepubertal female sheep by ovariectomy
results in high-frequency pulses of GnRH and corresponding LH pulses (2). Furthermore,
hourly administration of exogenous GnRH to prepubertal female lambs induces LH pulses
from the anterior pituitary (11). This suggests that hypothalamic GnRH neurons and
pituitary gonadotropes are intact and able to competently communicate prior to puberty
onset at a level sufficient to stimulate the final stages of follicular development and high
levels of estradiol secretion. High, sustained levels of estradiol are the impetus for the
preovulatory GnRH/LH surge, thus it is possible that while estradiol levels are sufficiently
elevated, the hypothalamic mechanisms underlying the surge are not capable of a response.
However, hourly administration of LH to prepubertal females can elicit sufficient estrogen
secretion from the ovaries to induce an LH surge and thus ovulation [1] and further work
showed that female lambs could mount a GnRH/LH surge of a magnitude capable of
causing ovulation by as early as 12 weeks of age (66). These data indicate that the
preovulatory surge mechanism and subsequent ovarian responses are functional prior to
the onset of puberty. Thus, the limiting factor for the initiation of puberty onset is not due
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to the maturation of anatomical or endocrine systems, rather it is the inability to produce
high frequency pulses of GnRH/LH due to a high sensitivity to estrogen negative feedback.
Early Theories of Estrogen Negative Feedback
The most straightforward mechanism would be for estradiol to directly inhibit
GnRH neurons. However, GnRH neurons are devoid of ER-α, the receptor whereby
estrogen exerts negative effects on GnRH release (47,67). This suggests that the
neuroendocrine change in sensitivity to estradiol occurs through intermediary neurons.
Early studies first tested whether the secretion of GnRH within the hypothalamus was
possible prior to puberty onset by pharmacological stimulation of the N-methyl-D-aspartic
acid (NMDA) receptor. These studies demonstrated that stimulation of NMDA receptors,
a class of receptor for the ligands glutamate and aspartate, increased LH secretion prior to
puberty onset in rats (68), rhesus monkeys (69), and sheep (70). Early theories also
implicated endogenous opioids as mediators of estrogen negative feedback in prepubertal
animals, given that they are known to inhibit GnRH secretion in adult sheep and opioid
antagonist administration prior to puberty increases LH pulse frequency in lambs (71).
Dietary Restriction and the Neuroendocrine Axis
One approach that is commonly used to assess the potential involvement of specific
neural pathways in linking metabolism with GnRH release is the imposition of feed
restriction. One series of elegantly designed experiments by I’Anson et al., 2000, examined
the effects of dietary-restriction on GnRH/LH secretion and puberty onset. They reported
that immature female lambs in the growth-restricted group were hypogonadotropic and
exhibited extended GnRH/LH inter-pulse intervals compared to a normal-growth group.
Additionally, administration of sodium pentobarbital, a CNS inhibitor, resulted in reduced
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LH inter-pulse intervals and increased mean LH levels (72). Furthermore, Ebling et al.,
1990, reported that hourly intravenous administration of NMDA increased LH secretion in
hypogonadotropic, growth-restricted female lambs (70), suggesting that GnRH neurons are
capable of high-frequency secretion during undernutrition. Together, these findings
suggest that nutritionally growth-limited lambs are capable of LH secretion; however,
inhibition of GnRH neurons by some upstream neuropeptide, influenced by a lack of
sufficient nourishment, impedes normal functioning.
Several neuropeptides that are influenced by the effects of nutrition-induced growth
retardation have been implicated in regulating GnRH secretion in lambs. Early work
suggested that endogenous opioids might be potential mediators of metabolic changes in
GnRH secretion. This is conceivable, given that injection of the anti-β-endorphin or antiDYN antibodies in the ARC of immature female rats increased serum LH levels (73) and
that intravenous administration of naloxone, a non-selective opioid antagonist, increased
LH secretion and LH pulse frequency in 12-week old lambs (71). However, evidence of
endogenous opioid involvement in relaying metabolic signals is limited to fasted rodents
(74,75) and there is little to no evidence of endogenous opioid activity associated with
food-restriction presented in lambs. Some authors suggest, though, that inhibiting
endogenous opioid pathways may be activated during periods of reduced nutrition and
energy but are secondary to other overriding pathways, such as that of neuropeptide Y
(NPY) (76).
Neuropeptide Y
NPY is a 36-amino acid peptide that is abundantly distributed throughout the
central and peripheral nervous systems and is highly expressed in the ARC of rats (77),
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primates (78), and sheep (79). Additionally, NPY has been implicated in the regulation of
food intake and energy expenditure (80), as well as inhibition of LH secretion (80,81).
Hypothalamic NPY neurons are known to be responsive to metabolic signals as evidenced
by co-localization with leptin receptors, and changes in NPY expression are often
explained by changes in systemic leptin concentrations. A large number of NPY neurons
in the ARC co-express leptin receptors in rats (82) and mice (83), and furthermore, colocalization of NPY and leptin receptor in the ARC is clearly evident in nonhuman primates
as evidenced by in situ hybridization studies (84). Additionally, leptin receptor expression
was found in the anterior pituitary and ARC in sheep (85). Moreover, in the ARC, leptin
receptor expression was found to be differentially expressed in normal versus feedrestricted animals (85). Because NPY is able to stimulate food intake (86) and
administration of exogenous leptin inhibits both NPY gene expression and secretion (87),
it is highly likely that NPY is a potential mediator of leptin signaling in the CNS (82) and
a potent stimulator of feeding behavior. In prepubertal animals, when adipocyte content
and circulating leptin concentrations are low, NPY expression is high and may exert
negative effects on GnRH, and subsequently LH, output. As time progresses and animals
grow, circulating levels of leptin may reach a sufficient amount to inhibit or significantly
decrease NPY secretion and thereby increase secretion of GnRH. NPY neurons also coexpress agouti-related peptide (AgRP), a potent and long-lasting stimulator of appetite and
regulator of energy balance (88). Very little evidence has supported a role for AgRP in
reproduction in sheep; however, AgRP deficiency has been reported to advance puberty in
female rodents, implicating AgRP as an inhibitory influence on reproduction (89).
Additionally, like NPY, food-restriction profoundly increases the expression of AgRP in
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the ARC of sheep (90), and AgRP acts as an antagonist of the melanocortin receptors,
MC3-R and MC4-R (88). These receptors are directly associated with energy balance and
metabolism and are activated by melanocyte-stimulating hormone (α-MSH) (88), an
important factor in satiety found to deter food intake. α-MSH is one of several peptides
derived from the proopiomelanocortin (POMC) gene and expression of POMC mRNA is
reported to decrease with fasting in rodents (91). Additionally, ARC neurons containing
products of POMC genes have also been found to contain leptin receptors in this region
(76) and have been shown to make direct synaptic contact on GnRH and Kiss neurons in
the POA in mice (92) and rats (93). As previously mentioned, both AgRP and α-MSH
interact with MCR-4, through which AgRP acts to stimulate, and α-MSH acts to inhibit
food intake (94). During food restriction, increases in AgRP expression are considered an
adaption meant to disrupt α-MSH input, thus stimulating food intake and altering basal
metabolic rate (90). As α-MSH has also been implicated in stimulating LH release in sheep
(95), antagonism of melanocortin receptors by AgRP, thus reducing α-MSH input, supports
earlier data suggesting an inhibitory role of AgRP on GnRH/LH secretion.
Kisspeptin-containing Neurons
Kiss-containing neurons – more specifically a neuronal subpopulation located in
the ARC co-expressing Kiss, NKB, and DYN (41,96), given the acronym KNDy neurons
– have also been shown to play a role in the regulation of GnRH secretion, and various
studies have implicated Kiss as a major factor in regulating the onset of puberty, which
will be thoroughly discussed in later sections. Kiss, transcribed from the KISS1 gene, is
found in fairly discrete regions throughout the midbrain, namely the ARC and the rostral
periventricular region of the third ventricle within the hypothalamus, and a small
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population in the POA (49). Additionally, Kiss neurons interact with both NPY and POMC
neurons, two primary targets of leptin (97), and the ARC population contains receptors for
both leptin (98) and insulin (99). Much of the data, however, has been inconsistent with
regard to the degree of leptin receptor expression: i.e., reports of Kiss neurons expressing
leptin receptor range from approximately 6% (98) to 40% (100). Moreover, ablation of
leptin receptors from Kiss neurons prior to puberty had no effect on the onset of puberty
or reproductive cyclicity in immature female mice (101); this result dampened the notion
for a possible role of leptin-Kiss signaling during the onset of puberty, at least in rodents.
Ablation of insulin receptors from Kiss neurons in immature female mice, however,
resulted in delayed puberty, but normal fertility thereafter, suggesting that insulin sensing
by Kiss neurons may play a role in initiating the onset of puberty (99). Intriguingly, food
deprivation of immature female and male rodents resulted in a reduction of hypothalamic
KISS1 mRNA (102), which is similar to the response in adult female sheep (97). Moreover,
administration of leptin to female sheep fed to exhibit reduced body fat partially restored
KISS1 mRNA when compared to normally fed animals (97). That response not only
reinforced a positive relationship between leptin and Kiss in sheep, but also suggested some
evidence of species differences. Although these data are intriguing, the exact nature of
these interactions in various species requires further investigation.

III. KNDy neurons and the initiation of puberty in the prepubertal ewe lamb
Kisspeptin
Kiss, belonging to the RF amide family, first received attention as a key regulator
of puberty onset when reports of mutations in the receptor, Kiss1r, or the peptide itself
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interdicted pubertal development and led to hypogonadotropic hypogonadism in humans
(103–105). Results from gene deletion studies for Kiss and Kiss1r, a G-protein coupled
receptor, in mice corroborated these earlier findings as they reported absent and/or delayed
pubertal onset and sexual maturation, coupled with low concentrations of gonadotropins
(106). Importantly, the gonads of the mice in these studies were responsive to
administration of exogenous gonadotropins, and treatment with GnRH stimulated LH
release (106). Furthermore, administration of Kiss stimulated GnRH and/or LH secretion
prior to puberty in many species: rodents (107), primates (108), sheep (109), and cattle
(110). Navarro et al., 2004, reported that central administration of Kiss to immature female
rats increased plasma LH levels and advanced vaginal opening, a marker for pubertal onset
(111). In primates, after GnRH priming of the pituitary gland, Kiss administration elicited
GnRH-dependent LH secretion in gonadectomized prepubertal males (112). Moreover,
hourly intravenous injections of Kiss result in both pulse-like secretion of LH, within
minutes of the first injection, and surge-like secretion of LH, within hours, after the start
of treatment in prepubertal ewe lambs (113). Additional studies imply that Kiss may initiate
the emergence of reproductive function at puberty, as an increase in Kiss mRNA
expression is noted just prior to puberty onset in rats (114) and monkeys (60). GnRH
neurons in both mice and sheep have also been shown to co-express Kiss1r, implying that
GnRH secretion is directly regulated by Kiss. Approximately 90% of GnRH neurons
express KISS1R (previously known as GPR54) mRNA in both immature and mature mice
(115). Moreover, the expression of KISS1R mRNA in GnRH neurons dramatically
increases in the AVPV at sexual maturation (115). Correspondingly, Kiss cell numbers
increased over postnatal development and were at adult-like levels at the time of puberty
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onset in the AVPV of female mice (116). Immunocytochemical studies also have
demonstrated that KNDy neurons do not co-express Kiss1r, ruling out any autocrine or
paracrine communication via Kiss (55). Moreover, ARC KISS1 mRNA increases after
ovariectomy and is inhibited after estrogen replacement in adult ewes (117) and rats (118).
Additionally, Kiss-immunoreactive cells in the ARC increase after ovariectomy in
immature lambs and Kiss cell numbers are higher in postpubertal, compared to prepubertal,
ovary-intact ewes (119), suggesting that sex steroids, namely estrogen, regulate Kiss
expression. These data further support the possibility that this system (Kiss/GnRH/LH) is
fully functional prior to puberty; however, it is inhibited by estrogen negative feedback.
Neurokinin B
As previously mentioned, Kiss neurons in the ARC also co-express NKB (46).
NKB is a member of the tachykinin family, a large group of excitatory neuropeptides found
in nearly all species (120). Tachykinins act through three known tachykinin receptors:
NK1R, NK2R, NK3R. All three receptor subtypes are 7 membrane domain receptors that
activate the phosphatidylinositol transduction pathway. While these receptors are not
exclusively specific for any tachykinin (substance P, neurokinin A, or NKB), each receptor
has differing affinities for each tachykinin: NK1R preferentially binds to substance P,
NK2R to neurokinin A, and NK3R to NKB (121). NKB was first associated with
reproduction when reports emerged detailing hypertrophy of NKB-containing neurons in
the ARC of postmenopausal women, a presumed result of increased LH secretion due to a
decrease in ovarian estrogen negative feedback (122). Since then, studies in sheep have
shown that administration of an NK3R agonist, senktide, into the retrochiasmatic area
(RCh), POA, or ARC (115,123,124) stimulated GnRH/LH secretion. Conversely, central
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administration of senktide to ovariectomized, estrogen-treated rats (125) and mice (107)
inhibited LH secretion, which raises the potential for species differences. Recently, NKB
has been implicated in puberty. Humans with loss of function mutations in the TAC3 or
TACR3, genes that encode the NKB peptide or NK3R, respectively, displayed an absence
of puberty and severe congenital gonadotropin deficiency (121). Moreover, recent work in
rodents demonstrated that intraperitoneal administration of the NK3R agonist senktide
advances puberty onset in female rats (126), and chronic central administration of
SB222200, a selective NK3R antagonist, delayed puberty in female rats (127). Consistent
with these findings, intravenous injection of senktide in prepubertal male primates elicited
LH secretion (128). Additionally, Nestor et al., 2012, demonstrated that single injections
of senktide increased LH secretion in prepubertal female sheep, a result that was blocked
by administration of a GnRH receptor antagonist, suggesting a hypothalamic site of
stimulation (129). Although NK3R activation has been shown to stimulate LH secretion in
prepubertal animals, whether or not NKB plays an active role in timing the initiation of
puberty onset in females is still unknown. Interestingly, GnRH neurons do not contain
NK3R, while KNDy neurons do (49,124). This suggests that NKB may communicate in
an autocrine and/or paracrine manner amongst KNDy cells, rather that acting directly on
GnRH neurons; however, further investigation is need in order to determine if that is so.
Dynorphin
In the ARC, a large fraction of Kiss neurons also contain DYN (49). DYN is an
opioid peptide derived from its prodynorphin protein precursor and selectively binds the κopioid receptor (κ-OR). Early literature implicated endogenous opioids, such as DYN, as
potential mediators of estrogenic inhibition of GnRH release (63,70,71,73,130). In
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immature female rats, injection of anti-β-endorphin and anti-DYN antibodies in the ARC
of the MBH increased serum LH levels (73). Additionally, ICV infusion of naloxone, a
non-selective opioid antagonist, or norbinaltorphimine (nor-BNI), a highly specific κ-OR
antagonist, increased LH pulse frequency in early gestating rats (63). Intravenous
administration of a bolus of naloxone to ovariectomized and estrogen treated adult sheep
during the breeding season resulted in an increase in LH pulse frequency; however,
naloxone treatment to the same animals during the anestrous season did not have any effect,
suggesting that opioid involvement in the inhibition of GnRH secretion is not the same
between breeding and anestrous seasons (130). Similarly, intravenous naloxone
administration to ovary-intact or ovariectomized and estrogen treated 12-week old
prepubertal female lambs resulted in increases in LH secretion and LH pulse frequency
(71). More recent studies demonstrated that DYN mediates progesterone negative feedback
in the adult female sheep because administration of nor-BNI in the MBH produced an
immediate pulse of LH and increased LH pulse frequency in luteal phase animals (59).
Furthermore, DYN expression was increased in the presence of progesterone, as seen in
luteal phase compared to ovariectomized adult ewes (59). Very little work, however, has
been done addressing the potential involvement of DYN in puberty. Nakahara et al., 2013,
demonstrated that administration of nor-BNI advanced puberty indices in female rats (126).
In that study, immature female rats were implanted with nor-BNI-containing osmotic
minipumps in the intraperitoneal cavity designed to chronically administer that
pharmacological agent. They monitored vaginal opening and first estrus, known markers
of puberty in rodents, and found that vaginal opening tended to be earlier and estrous
cyclicity occurred significantly earlier in the nor-BNI-treated group compared to controls.
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Additionally, LH pulse frequency was increased in the nor-BNI-treated group compared to
the vehicle-treated group (126). Together, these data suggest that DYN-κ-OR signaling
may contribute to the suppression of GnRH/LH secretion in prepubertal animals and that
the tempering of DYN-κ-OR signaling may initiate puberty onset in premature female rats.
As previously discussed, endogenous opioid peptides have been implicated in inhibiting
LH secretion in prepubertal lambs; however, essentially no work has been done addressing
the role of DYN in regulating prepubertal GnRH/LH secretion in this species.
KNDy Neurons and the Initiation of Puberty in the Prepubertal Ewe Lamb
The onset of puberty is strongly governed by a decrease in hypothalamic sensitivity
to estrogen negative feedback (2,64,131). In immature animals, the hypothalamus is highly
sensitive to low levels of estradiol, inhibiting GnRH secretion from the hypothalamus and
thus suppressing LH secretion from the adenohypophysis (4). Recent evidence has
implicated KNDy neurons in the ARC of the hypothalamus as likely candidates mediating
such interneuronal communication. As detailed above, KNDy neurons co-express NK3R,
κ-OR, and ER-α, but do not co-express Kiss1r; GnRH neurons co-express both Kiss1r and
κ-OR, but do not co-express NK3R and ER-α. Moreover, NK3R is found in multiple
locations within the hypothalamus, such as the ARC, RCh, and the POA. A current model
of how this system might operate during the onset of puberty is as follows. In prepubertal
lambs, GnRH/LH secretion is low due to heightened sensitivity to estrogen negative
feedback, which may be mediated, at least in part, by DYN. DYN may act to inhibit KNDy
neurons in an autocrine and/or paracrine manner or directly inhibit GnRH neurons, given
both neural populations have κ-OR. As the animal continues to grow and mature and
photoperiod becomes permissive to reproduction, sensitivity to estrogen negative feedback
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decreases, thus reducing inhibitory input from DYN. As a result, Kiss and NKB synthesis
and secretion is increased, and these neuropeptides begin to stimulate GnRH secretion.
Eventually, GnRH pulse frequency is increased, resulting in a subsequent increase in the
number of LH pulses, ultimately leading to initial ovulation, acquisition of puberty, and
normal reproductive functioning. An extensive body of evidence demonstrates that KNDy
neurons are actively involved and regulate the timing of puberty. Moreover, multiple
studies provide evidence that KNDy neurons can integrate numerous external and internal
cues that regulate the onset of puberty. However, what constitutes the prepubertal neural
brake on puberty is not clear and, in particular, the role that DYN may play in this regard.
That is the subject of this thesis.
Agricultural and Clinical Applications of Research in Reproductive Neuroendocrinology
Investigation within the field of reproductive biology explores novel and important
aspects of reproduction that affect both agricultural and clinical applications. Successful
completion of studies pertaining to reproductive neuroendocrinology elucidates neural
mechanisms involved in regulating the onset of puberty and provides important insight into
the inner-workings of the hypothalamic-pituitary axis. From an agricultural standpoint,
increasing the efficiency of food production is a major goal. One approach to refining
production methods is improving the reproductive efficiency of domestic farm animals. In
order to do so, producers have employed various forms of assisted reproductive
technologies: in vitro fertilization, intrauterine insemination, and cryopreservation.
Research focused on the hypothalamic-pituitary-gonadal axis is rich in information
beneficial to improving these forms of advanced reproductive technologies. Furthermore,
not only does this work have importance and potential impact on farm animal production,
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it may have application to human reproduction. It may provide insight into potential
mechanisms involved in the growing epidemic of precious puberty in girls. Over the last
couple of decades, young women have been maturing at an early age, and the number of
documented cases of precocious puberty has increased dramatically (132). The cause of
many cases of precocious puberty still remains unclear. However, the nutritional status of
these patients is thought to be a prominent factor in the early occurrence of sexual maturity
(133). Moreover, in addition to nutrition, or more specifically over-nutrition, genetics and
environmental factors are contributing factors in the expression of precocious puberty
(132). Precocious puberty not only leads to a possible heightened social stigma, but also to
increased risk of other health-related issues, such as early bone maturation, which can stunt
growth at an early age. Although some treatments have been identified, i.e., the use of
continuous GnRH agonists, more work in this field is needed to better understand, treat,
and prevent this emergent concern.
Hypotheses
The hypotheses forwarded by this thesis aim to elucidate the role of KNDy neurons
and, more specifically Kiss and DYN, in ovine sexual maturation. The literature presented
herein implicates Kiss as stimulatory and DYN as inhibitory to GnRH/LH secretion in
prepubertal lambs. Thus, it was hypothesized that estrogen is inhibitory to Kiss and
stimulatory to DYN in a prepubertal state. Moreover, it was hypothesized that blocking κORs will eliminate the inhibitory effects of DYN on pulsatile LH secretion in prepubertal
animals.
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CHAPTER II: MATERIALS AND METHODS

Animals
Suffolk Lambs (6 – 10 months old) were housed and studied in the West Virginia
University (WVU) Food Animal Research Facility (FARF). Animals received an alfalfa
pellet food ration and had free access to water and mineral supplement. Additionally,
sensory stimulation objects were provided for enrichment. Indoor lighting simulated the
natural changes in day length. Prior to arrival at the FARF, animals were housed outdoors
in open barn. All procedures were approved by the West Virginia University Animal Care
and Use Committee and followed National Institutes of Health guidelines for use of
animals in research.
General Methods
Ovariectomies and neurosurgeries were performed under sterile conditions.
Ovaries were removed via a midventral incision using sterile techniques after animals had
been anesthetized with 1–3% isoflurane in oxygen gas. For cannulation of the lateral
ventricle, animals were first anesthetized by intravenous injection of ketamine (7 mg/kg)
and midazolam (0.3 mg/kg), and then maintained on 1 – 3% isoflurane. The head was
positioned appropriately in a stereotaxic instrument (Kopf Instruments, Tujunga, CA) and
a small hole (0.5 cm in diameter) was drilled in the skull 5 mm anterior and 4 mm lateral
to bregma. The dura was exposed, cauterized, and a 16 gauge needle (with a reservoir
containing sterile water) was lowered until water flowed into the ventricle. Radio-opaque
dye (1.5 mL Iohexol, MXR SourceOne Healthcare, San Deigo, CA) was injected into the
ventricle, a lateral X-ray was taken, and the dorsal-ventral postion of the needle was
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adjusted to be centered in the ventricle. The needle was plugged, cemented in place in the
skull, and covered with a cap using dental acrylic. The skin was sutured around the dental
acrylic.
Estrogen replacement was accomplished in the form of a 1-cm long SILASTIC
implant (Dow Corning, Corp., Midland, MI) inserted subcutaneously in the axillary region
at the time of ovariectomy and left in place for the duration of the experiment. Progesterone
replacement was accomplished by insertion of one or two intravaginal progesterone
Controlled Internal Drug Release (CIDR) devices at least 4 days before treatments.
Tissue collection
Tissue was collected as described previously (129). Briefly, all sheep were
heparinized (20,000 U) and killed using an intravenous (IV) overdose of sodium
pentobarbital (Euthasol; Webster Veterinary, Devens, MA). Heads were removed and
perfused via the carotid arteries with four liters of 4% paraformaldehyde in 0.1 M
phosphate buffer (PB) (pH 7.4) containing 0.1% sodium nitrite. Blocks of tissue containing
the hypothalamus and POA were then removed and stored in 4% paraformaldehyde for 24
h at 4 C and transferred to 20% sucrose until sectioned. Frozen coronal sections (50 μm)
were cut with a freezing microtome and stored in cryopreservative until the time of
immunocytochemical staining.
Experiments
Experiment 1: Will changes in immunopositive Kiss/ DYN cell numbers reflect changes in
estrogen negative feedback?
Ewe lambs (March-born) were assessed at three different time points: prepubertal
(6 months), peripubertal (7 months), and predicted postpubertal (8 months). Within each
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age group, lambs were randomly divided into three treatment groups: ovary-intact (n=5),
ovariectomized (n=5), and ovariectomized with estrogen replacement (n=5). Ovary-intact
animals did not undergo surgery or receive estrogen implants. Two weeks post-surgery,
blood samples were collected by jugular venipuncture into heparinized tubes every 12
minutes for 4 h and the blood plasma was stored at – 20 C. Hypothalamic tissue was
collected immediately after the final blood sample was taken.
Experiment 2: Will administration of a k-opioid receptor antagonist into the lateral
ventricle stimulate LH secretion?
A preliminary experiment was performed in adult ewes to test the effectiveness on
LH secretion of a dose of nor-BNI that was selected for use in lambs based on data in adult
goats (134). Adult ovariectomized ewes (n=4) were pretreated with a 1 cm long estrogen
implant and 2 CIDRs to suppress LH section and because nor-BNI is known to increase
LH secretion in the presence of progesterone (59). All animals were infused ICV with
artificial spinal fluid (aCSF) for 3 h (300 μl/h) followed by infusion ICV with 60 nmol/ h
of nor-BNI for 3 h (300 μl/h). Throughout, blood samples were collected every 12 minutes
via jugular catheters, placed into heparinized tubes, and plasma was stored at – 20 C.
Because this dose of nor-BNI increased LH pulse frequency from 1 ± 0.4 pulses/3 h to 2.3
± 0.6 pulses/3 h, it was used in subsequent experiments.
In experiment 2A, prepubertal ewes (6 months) (n = 6) were ovariectomized,
implanted with a 1-cm estrogen implant, and a guide cannula was placed in one lateral
ventricle. At least 14 days after surgery, ewe lambs were assigned randomly to receive
either aCSF, as a control, or nor-BNI. Animals were infused ICV with aCSF for 3 h or with
60 nmol/h of nor-BNI for 3 h. Blood samples were collected at 12-minute intervals for 36
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minutes prior to and for the entire infusion period by jugular catheter, then placed in
heparinized tubes; plasma was stored in –20 C. One week later, the process was repeated
using a cross-over design so that each lamb received both treatments.
In experiment 2B, the effects of nor-BNI in the presence of progesterone was tested
as a positive control for experiment 2A. Immediately after the last blood sample was
collected in experiment 2A, one CIDR was inserted into each lamb. A week later, ewe
lambs underwent a treatment paradigm similar to that described for experiment 2A with
the following exception; animals were infused ICV with aCSF or with 60 nmol/h of norBNI for 4 h instead of 3 h because pulse frequency was expected to be lower than in
experiment 2A due to the inhibitory effects of progesterone. Blood samples were collected
at 12-minute intervals for 36 minutes prior to and for the entire 4 h infusion period by
jugular catheter. Blood was placed in heparinized tubes and plasma was stored at –20 C.
All animals received both treatments in a cross-over design with treatments separated by 1
day. CIDRs were removed at the end of this experiment, but estrogen implants were left in
place in preparation for experiment 2C.
Experiment 2C was performed in these same estrogen-treated ovariectomized
animals when they were considered to be of a postpubertal age, approximately 7 – 8 months
of age. Ewe lambs were assigned randomly to receive either aCSF, as a control, or norBNI using a treatment approach similar to that described for experiment 2B with treatments
separated by 2 days.
Single-label Immunocytochemistry for Kiss or DYN
Prior to immunostaining, three sections of the middle to caudal ARC from each
animal (pre-/peri-/postpubertal for Kiss and DYN and adult luteal phase for DYN) were
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selected. On day 1, sections were washed 4 × 5 min in 0.1 M phosphate-buffered saline
(PBS) and stored overnight at 4 C. On day 2, sections were washed 4 × 5 min in PBS then
placed in 10% H2O2 for 10 min followed by 4 × 5-min washes in PBS. Tissue was then
incubated for 1 h with 0.4% Triton X (Sigma-Aldrich, St. Louis, MO) in 20% normal goat
serum for Kiss or 4% normal goat serum for DYN, both made in PBS. Kiss and DYN
neurons were identified using primary antibodies for Kiss (gift from A. Caraty) and DYN
(Phoenix Pharmaceuticals, Inc., Burlingame, CA) that have been validated for use in sheep
(46,135). Tissue sections were incubated with 1:50,000 Kiss antiserum raised in rabbit or
1:10,000 DYN antiserum raised in rabbit for 18 h at room temperature. On d 3, biotinylated
goat antirabbit antibody (Vector Laboratories, Burlingame, CA) at 1:500 and Vectastain
ABC-elite (Vector Laboratories) at 1:500 were applied sequentially for 1 h each with 4 ×
5-min washes of PBS between incubations. Sections were then placed in a 3,3′diaminobenzidine tetrahydrochloride (DAB) solution (10 mg of DAB [Sigma-Aldrich, St.
Louis, MO] in 50 mL of PB with 20 μl of 30% H2O2 added just before incubation) for 10
min. After 3 × 5-min washes in PB, sections were mounted on Superfrost/Plus microscope
slides (Fisher Scientific, Pittsburgh, PA), dehydrated using a series of increasing alcohol
baths, and coverslipped using DPX Mounting Medium (Electron Microscopy Sciences,
Hatfield, PA).
Data analysis
Immunocytochemistry
For each antigen staining, cell bodies, identified by cells containing a brown
cytoplasmic staining, were counted using an Olympus AZ70 transmitted light microscope
(Center Valley, PA) from sections of middle to caudal ARC (three sections/animal), and
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mean cell numbers/section for each group were averaged, because there was no difference
in cell numbers between the middle and caudal ARC.
Assays
Concentrations of LH were measured in duplicate with a RIA using 100–200 μl of
plasma and reagents provided by the National Hormone and Peptide Program (Torrance,
CA) as previously described (136). Assay sensitivity averaged 0.07 ng/tube (NIH S24) with
intra- and interassay coefficients of variation being 12.7 and 18.2%, respectively.
Statistics
For experiments examining Kiss cell numbers during pubertal development,
treatment group means for the three groups were compared by one-way analysis of variance
with steroid treatment as a factor. Values of LH were compared by repeated measures
analysis of variance. Mean LH and LH pulse amplitude were analyzed by one-way
ANOVA with repeated measures. Wilcoxon Mann-Whitney or Friedman’s two-way
ANOVA test were used to compare LH pulse frequency. Differences were considered to
be significant at P < 0.05.
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CHAPTER III: RESULTS

Experiment 1: Will changes in immunopositive Kiss/ DYN cell numbers reflect

changes in estrogen negative feedback?
LH Data
As expected, Mean LH and LH pulse frequency were significantly higher in
ovariectomized (OVX) animals compared to ovary-intact and ovariectomized with
estrogen replacement (OVX+E) groups in the prepubertal age group (Fig. 1, Fig. 2A). In
peripubertal animals, LH pulse frequency was significantly higher in OVX animals
compared to ovary-intact and OVX+E groups and LH pulse frequency was significantly
higher in OVX+E versus ovary-intact animals. Moreover, mean LH levels were
significantly increased by OVX compared to animals in the ovary-intact and OVX+E
groups (Fig. 2B). In postpubertal animals, LH pulse frequency was significantly higher in
animals that were OVX compared to animals that were OVX+E, but not ovary-intact
animals. Mean LH was significantly increased in OVX animals compared to the other two
groups (Fig. 2C).
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Figure 1: Representative LH pulse profiles for individual prepubertal females that were
either ovary-intact, OVX or OVX an OVX+E (pulses signified by black closed circle
(intact), grey closed circle (OVX), and blue closed circle (OVX+E).
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Figure 2: Mean±SEM for mean LH and number of LH pulses for prepubertal (A),
peripubertal (B), and postpubertal (C) ewe lambs that were either ovary-intact (n=4), OVX
(n=5), or OVX+E (n=5). Differing letters indicate significant differences (p<0.05). LH
pulse amplitude is not shown because the low number of pulses in the intact or OVX+E
group precluded comparisons amongst treatment groups.
As hypothesized, Kiss-immunoreactive cells in the ARC were increased by OVX
compared to either ovary-intact or OVX+E groups in prepubertal animals (Fig. 3).
Additionally, Kiss-immunoreactive cells were significantly higher in ovary-intact
compared to OVX+E animals. In peripubertal animals, Kiss-immunoreactive cells were
increased by OVX compared to either ovary-intact or OVX+E groups in prepubertal
animals, but the latter two groups were not significantly different (Fig. 3). In postpubertal
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animals, Kiss-immunoreactive cells were slightly, but significantly, increased by OVX
compared to either ovary-intact or OVX+E groups (Fig. 3).

Figure 3. Representative photomicrographs of Kiss (left) within the ARC from prepubertal
lambs that were ovary-intact Intact, OVX, or OVX+E. Kiss cell numbers in the ARC of
female lambs from the three treatment groups at three ages (right). Differing subscripts
within age denote significant difference (p<0.05).
Contrary to the hypothesis that DYN expression would be increased by estrogen in
prepubertal females and decrease during pubertal maturation, very few DYNimmunopositive cells were found in the ARC of any treatment group within any age, even
though they were readily evident in control hypothalamic tissue concurrently assessed from
adult ewes (n=3) in the luteal phase of the estrous cycle (Fig. 4).
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Figure 4: Representative photomicrographs of DYN within the ARC from prepubertal
lambs that were ovary-intact, OVX, or OVX+E. Only sporadic DYN-labeled cells were
seen in any treatment group, at any age. A section of ARC from an adult ewe taken during
the luteal phase is also shown as a positive control for DYN immunostaining.

Experiment 2: Will administration of a k-opioid receptor antagonist into the lateral
ventricle stimulate LH secretion?
Somewhat surprisingly, in light of the low DYN cell numbers, administration of
nor-BNI increased LH pulse frequency and mean LH compared to aCSF-controls in
OVX+E prepubertal animals (Fig. 5, Fig. 6A). In prepubertal OVX+E+P animals, nor-BNI
significantly increased LH pulse frequency, mean LH, and LH pulse amplitude compared
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to aCSF controls (p < 0.05) (Fig. 6B). In OVX+E postpubertal animals, there were no
significant differences in LH pulse frequency, mean LH, or LH pulse amplitude between
treatments (Fig. 6C). Note that in controls, both mean LH concentrations and LH pulse
frequencies were higher in these older lambs than in the prepubertal group.

Figure 5: Representative profiles of plasma LH concentration after lateral ventricular
infusion of nor-BNI (black squares) or aCSF (white open circles). Age and endocrine status
are as follows: prepubertal plus estrogen implant (top), prepubertal plus estrogen implant
and CIDR (progesterone) (middle), postpubertal plus estrogen implant (bottom). Time 0
equals the start of infusion. Red (nor-BNI) and green (aCSF) asterisk signify LH pulses.
41

Figure 6: Mean±SEM for mean LH, number of LH pulses, and LH pulse amplitude for
prepubertal OVX+E (A), prepubertal OVX+E+P (B), and postpubertal OVX+E (C) female
lambs after lateral ventricle infusion of nor-BNI or aCSF. Asterisk indicates significant
differences (p<0.05).
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CHAPTER IV: DISCUSSION
The first study examined whether changes in estrogen negative feedback in
prepubertal female lambs could be mediated by inhibition of Kiss, and/or stimulation of
DYN, using expression in the ARC as an index of activity. It was found that Kiss cell
number in ARC decreased after administration of estrogen to ovariectomized prepubertal
lambs. This outcome was in accordance with decreased mean LH and LH pulse frequency
in these animals (OVX+E) and is consistent with an important role for this peptide in
estrogen negative feedback in prepubertal ewes. Very few immunopositive DYN cells were
observed in the ARC of any treatment or age group in experiment 1, although they were
readily evident in tissue from adult luteal phase animals. In the second study, lateral ICV
infusion of nor-BNI increased mean LH and LH pulse frequency in OVX+E female lambs
prior to puberty, but had no effect on LH after sexual maturation. These findings support
the notion that estrogen is stimulatory to, and may be acting through, DYN to inhibit LH
pulse frequency prior to the onset of puberty to suppress reproduction function.
It is commonly accepted that changes in hypothalamic sensitivity to estrogen are
limiting to the onset of pubertal development in females (3,137). Recently, Kiss has been
implicated as a potential target of estrogen negative feedback in prepubertal animals and
attaining sufficient Kiss input to GnRH neurons may be the limiting factor for the initiation
of sexual maturation (119). These ideas were supported by previous work in immature
sheep showing that administration of Kiss stimulated GnRH and/or LH secretion prior to
puberty (113). Hourly intravenous injections of Kiss initially resulted in pulse-like
secretion of LH but eventually led to surge-like secretion of LH within hours after the start
of treatment (113). Moreover, increases in the number of KISS1-expressing cells were
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observed in the POA of OVX+E lambs from 25 to 30 weeks of age, however, no change
was seen in the same region from 30 to 35 weeks of age (117). In the ARC, no differential
expression in KISS1-expressing cells in OVX+E lambs has been found, however, these
cells are more plentiful in the middle ARC in animals exhibiting increased frequency of
LH pulses (117). Also, increases in cell numbers of Kiss in the ARC were seen after OVX
of prepubertal female lambs, but this finding was not seen in postpubertal animals (119).
In the present study, cell numbers of Kiss increased in the ARC after OVX and decreased
in the ARC with estrogen treatment at the time of OVX in prepubertal females, which is
consistent with the hypothesis that estrogen is inhibiting Kiss secretion prior to the onset
of puberty. Similar changes in cell numbers of Kiss in the ARC were observed in the older
group of lambs compared to the prepubertal group, which is not consistent with a previous
report (119). One likely explanation for this is that the older females were not yet
postpubertal as evidenced by their lack of adult-like LH pulse frequency (Fig. 2C).
Additional studies in rodents and non-human primates also imply that Kiss may initiate the
emergence of reproductive function at puberty (60,114). Evidence has been provided that
increases in Kiss mRNA expression are found just prior to the onset of puberty in rats and
monkeys and that exogenous administration of Kiss also increases LH secretion in both
species prior to puberty (107,108). The data reported here further support the possibility
that this system (Kiss/GnRH/LH) is intact and fully functional prior to puberty; however,
it is inhibited due to estrogen negative feedback.
Interestingly, very few, if any, DYN-immunoreactive cells were observed in the
ARC of any treatment group, although they were readily evident in adult tissue collected
during the luteal phase and concurrently assessed. These data are not consistent with the

44

original hypothesis that estrogen is stimulatory to DYN prior to the onset of puberty. One
interpretation of these results is that DYN may not be involved in mediating inhibitory
effects of estrogen prior to the onset of puberty; but rather, DYN develops its inhibitory
role via progesterone feedback post-pubertally, since it is generally accepted that DYN
mediates progesterone negative feedback in adult ewes (59). Thus, the absence of DYN
may be a result of reduced expression, because these animals were not in the presence of
progesterone. Alternatively, there may be ongoing synthesis, balanced by high rates of
transport to terminals and release of DYN during the prepubertal period. One approach to
differentiating between these two explanations would be by measuring the abundance of
DYN mRNA in ARC of prepubertal animals by performing in situ hybridization.
Alternatively, and perhaps as a last resort, administration of colchicine (138), a
microtubule-disrupting agent, could be used to block DYN protein transport out of cells
within the ARC, and then measure DYN expression.
A third option to explore the role of DYN during a prepubertal state is by use of a
receptor antagonist. In the current study, lateral ICV infusion of nor-BNI increased mean
LH and LH pulse frequency in prepubertal, but not postpubertal, OVX+E lambs, which is
consistent with the original hypothesis that endogenous DYN is playing an inhibitory role
in prepubertal animals and contributing to suppression of reproductive function. In sheep,
very little work has been done investigating the potential role of DYN and other
endogenous opioids in prepubertal animals. Intravenous administration of naloxone, a μreceptor opioid antagonist, increased LH secretion in ovary-intact and OVX+E 12-week
old prepubertal female lambs; however, this effect also was observed in postpubertal ewes
(71), which is not in accordance with the present results. This can be explained by a
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difference in the receptor affinity, as naloxone is known to interact with μ- and -opioid
receptors, while nor-BNI is highly selective for -receptors. In this case, DYN--OR
signaling could be the major inhibitory pathway in prepubertal animals. Moreover, ICV
infusion of nor-BNI could provide a more selective targeting of nor-BNI compared to
intravenous administration of naloxone. In rodents, data have been relatively inconsistent
in providing evidence for DYN in prepubertal development. Chronic intraperitoneal
administration of nor-BNI tended to advance the time of vaginal opening and significantly
advanced the time of first estrous (126), and increased mean LH and LH pulse frequency
in immature female rats (126). Moreover, injection of anti-β-endorphin and anti-DYN
antibodies into the ARC increased serum LH in prepubertal female rats (73). Alternatively,
some evidence suggests that DYN may not play an inhibitory role in immature rodents.
Injection of μ- or κ-OR antagonist had no effect on LH secretion in young male rats, while
injection of these antagonists in older males had robust effects compared to controls (139).
Moreover, injection of nor-BNI into the third ventricle of adult OVX+E female rats
decreased LH secretion, but this effect was not seen in female rats that were only
ovariectomized (62), suggesting DYN may mediate negative feedback effects of estrogen
in adult animals. Furthermore, DYN expression as measured by mRNA content in the ARC
was significantly lower in prepubertal compared to postpubertal female rats (140); the
opposite of what one would expect if loss of DYN inhibition contributed to the onset of
puberty.
Aside from these possible species differences, the data reported here inidicate that
DYN-κ-OR signaling may contribute to the suppression of GnRH/LH secretion in
prepubertal ewes and that the tempering of DYN-κ-OR activity may initiate puberty onset.
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The source(s) and sites of action of DYN, however, require further investigation. PreDYN
mRNA and DYN A immunoreactive cells are widely distributed throughout the POA and
hypothalamus in adult female sheep (135) and nearly 90% of DYN neurons in the POA,
anterior hypothalamus, and ARC contain both estrogen (141) and progesterone receptors
(58). Thus, it is conceivable that DYN neurons in regions other than the ARC may be
participating in suppression of reproductive neuroendocrine function in prepubertal
animals. This notion is consistent with the observation of increased LH secretion after
infusion of nor-BNI in OVX+E animals, in spite of very few DYN immunopositive cells
being found in the ARC of prepubertal female sheep. Moreover, DYN cells in the ARC
receive projections from other DYN axons in sheep (135), suggesting some DYN-DYN
interaction is possible. The most likely targets of the inhibitory effects of DYN are KNDy
neurons in the ARC; however it is possible that GnRH cell bodies (59) and axon terminals
are also targets of DYN inhibition, as both these populations of cells contain κ-OR in sheep
(49).
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CHAPTER V: SUMMARY
In conclusion, removal of estrogen negative feedback in prepubertal ewe lambs
produces increases in LH pulse frequency, mean LH, as well as number of Kiss
immunoreactive cells in the ARC. These findings support the hypothesis that estrogen is
inhibiting Kiss prior to the onset of puberty, specifically in this region. Contrary to the
original hypothesis, very few DYN-immunopositive cells were found in any treatment
group of prepubertal lambs; although, they were readily evident in tissue from an adult ewe
collected during the luteal phase. However, infusion of nor-BNI significantly increased LH
secretion in prepubertal animals while no effect was observed in postpubertal animals. The
latter data support the original hypothesis that estrogen is stimulatory to DYN prior to the
onset of puberty and that this inhibition wanes during pubertal development. Thus, it is
proposed that both an increase in Kiss and a decrease in DYN contribute to the loss in
responsiveness to estrogen negative feedback that occurs in during the onset of puberty in
ewe lambs.
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Performed immunohistochemistry on hypothalamic tissue to assess protein
expression (including but not limited to Kiss and DYN)
Venipuncture for blood collection (ovine)
Insertion of jugular catheters
Neurosurgery: stereotaxic insertion of chronic guide tubes in specific brain
areas (ARC, POA)
General surgery: bilateral ovariectomy
Tissue sectioning: hypothalamic tissue blocks using a freezing microtome
Microinjection or microinfusion of neuropeptides or receptor agonists or
antagonists into the third or lateral cerebroventricle (ovine)
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